Abstract Organisms inhabiting shallow near-shore waters experience emersion during water-level fluctuations, which are increasing in frequency and magnitude due to climate change and anthropogenic activities. We experimentally investigated the survival and behaviour of two common shallow-water and psammophilous invertebrates, the chironomid Stictochironomus sticticus and the oligochaete Potamothrix moldaviensis, during sandy substratum drying. We examined horizontal migrations following a decreasing water level in inclined tanks and vertical migrations into substratum. In drying tanks, the substrate was initially submerged and then water was gradually evaporated to expose the surface sediments. In control tanks, the substratum remained submerged. We hypothesised that the organisms would tolerate drying (surviving at least while the substrate remained moist) and/or migrate vertically and/or horizontally under drying conditions. Chironomids were tolerant of drying, with 90% mortality occurring at the sediment water content (LWC90) of 0.3% (dry sand). They exhibited neither horizontal nor vertical migrations in response to drying. Oligochaetes were far less resistant to drying (LWC90 = 13.9%, corresponding to humid sand) and did not exhibit any behavioural adaptations. Thus, our hypothesis was supported with regard to the resistance to drying of chironomids, but not that of oligochaetes. Contrary to our hypothesis, neither species exhibited behavioural adaptations to drying.
Introduction
Water-level fluctuations are the most important factor affecting the habitat of near-shore benthic fauna (Furey et al., 2004 (Furey et al., , 2006 Brauns et al., 2008; Poznańska et al., 2010; Evtimova & Donohue 2016) . The fluctuations are caused by anthropogenic as well as natural disturbances, including disruption of natural river flows by dams (Nilsson & Berggren, 2000) , extensive abstraction of water resources for human consumption and industrial use (Neff et al., 2000) and/ or fast urbanisation and reduction in riparian vegetation (Verdonschot et al., 2010) . Climate change also affects water-level fluctuations and is predicted to increase the onset rate, duration, frequency and intensity of future droughts (van Vliet & Zwolsman, 2008; Nickus et al., 2010; Overpeck & Udall, 2010; Ledger & Milner, 2015) as well as to cause a decrease in the water level of rivers and lakes (Verdonschot et al., 2010; Abbaspour et al., 2012) and stimulate fluctuations in multiple global regions. Near-shore habitats are mainly shaped by temporary reductions of the water level, causing substratum emersion and drying, which subjects benthic invertebrates to environmental stress (Collinson et al., 1995; Boulton, 2003; Fritz & Dodds, 2004) . Therefore, benthic organisms are likely to exhibit some adaptations to emersion (McEwen & Butler, 2010) .
Physiological adaptations of organisms to emersion include desiccation resistance mechanisms, which helps prevent desiccation or allows to withstand it to a certain extent (Frouz et al., 2003; Cornette et al., 2010; Strachan et al., 2015) . They are often associated with the reduction of metabolic rate (Strachan et al., 2015) . One of them is aestivation, a type of dormancy, acting usually in summer and allowing to survive a hot and dry period (Strachan et al., 2015) . Some invertebrates can live in a non-dormant (active) state in the emersed substratum as long as it remains humid (Poznańska et al., 2013; Verdonschot et al., 2015) . A physiological adaptation of certain insect species is a modification of their life cycle by accelerating their development to emerge as adults under drying conditions (Dettinger-Klemm, 2003; Tronstad et al., 2005; Verdonschot et al., 2015) . Behavioural strategies include following the decreasing water level to reach submerged areas (horizontal migration) (Richardson et al., 2002; Poznańska et al., 2013 Poznańska et al., , 2015a or burying into the moist substratum (vertical migration) (Imhof & Harrison, 1981; Stubbington et al., 2011; Poznańska et al., 2013 Poznańska et al., , 2015a Verdonschot et al., 2015) .
Chironomid larvae and oligochaetes are among the most important components of benthic macroinvertebrate communities in many reservoir types in all geographical zones, contributing to their abundance, biomass and diversity, as well as to the community functioning as key members of food webs and bioprocessors of sediments (e.g. Brinkhurst & Cook, 1980; Armitage et al., 1995) . They are also common and important in land-water transitional zones (Kornijów et al., 2003; Poznańska et al., 2010) , where they may be exposed to water-level fluctuations and substratum drying.
Some studies have considered the physiological ability of chironomids to survive desiccation (e.g. Watanabe et al., 2002; Cornette et al., 2010; Frouz & Matěna, 2015) , as well as the state of benthic assemblages (including chironomids) before and after drying of intermittent streams and ponds (e.g. Bazzanti et al., 1997; Boulton, 2003; Lind et al., 2006; Datry et al., 2012 ). Yet, the phenomenon of resistance of chironomids to substratum drying is also essential in reservoirs that experience short-term water-level fluctuations, when the substratum drying is not as long and sediment moisture content is the key factor determining tolerance of particular species to emersion (Stubbington & Datry, 2013; Strachan et al., 2015) . European chironomid Polypedilum tritium (Walker, 1856) survives summers in dry temporary pools if the sediment water content remains above 20% (Dettinger-Klemm, 2003) . Suemoto et al. (2005) found that some chironomid species survived 7 days of emersion, but they did not report their survival over longer duration, though the substratum water content on the 7th day of emersion was relatively high (17%). Hence, precise ecological data on the resistance of particular chironomid species to direct water content in the substratum have been insufficient. Some data concerning the responses of aquatic and semi-aquatic oligochaetes to desiccation stress are available. Dumnicka & Koszałka (2005) observed that tubificoid Naididae (sensu Erséus et al., 2008) and semi-aquatic Enchytraeidae dominated the oligochaete community in emersed sediments and the densities of these oligochaetes were highest just after the water re-appeared. Some species of Enchytraeidae and Naididae, including tubificoid forms, are capable of reducing metabolism, aestivating and forming cysts to survive drying (Anlauf, 1990; Takada et al., 1992; Dietz-Brantley et al., 2002; Montalto & Marchese, 2005; Maraldo et al., 2009) . Vertical migrations to deeper and moister habitats have been observed in Enchytraeidae and tubificoid Naididae (Springett et al., 1970; Merle et al., 1997; Narita, 2006) . Also, horizontal migrations to better oxygenated areas were found in Limnodrilus hoffmeisteri Claparede, 1862 (Fisher & Beeton, 1975) . Nevertheless, information about survival of oligochaetes and the related substratum water content is scarce (Strachan et al., 2015) .
Here we studied the survival and behaviour of representatives of the two most important groups of benthic macroinvertebrates: a chironomid Stictochironomus sticticus (Fabricius, 1781) (Diptera: Chironomidae) and an oligochaete Potamothrix moldaviensis Vejdovsky et Mrazek, 1903 (Oligochaeta: Naididae: Tubificinae) in response to substratum drying. These species are psammophilous and inhabit the near-shore zones of dam reservoirs, which are mostly sandy (Kuklińska, 1989; 1992; Poznańska et al., 2010 ) and subjected to water-level fluctuations. Our aims were (1) to determine their survival in relation to the substratum water content as well as examine (2) horizontal migrations and (3) vertical migrations in response to water-level decrease and sandy substratum drying. We hypothesised that (1) species from the near-shore zone with frequent waterlevel fluctuations would be capable of surviving emersion, at least till the substratum is moist. Moreover, the tested species might also have behavioural adaptations to substratum drying, allowing them (2) to migrate horizontally following the retreating water level and/or (3) to migrate vertically (burrow) into sediments to reach more humid deeper layers.
Methods

Animals
We collected S. sticticus larvae (fourth instar, mean size ± SD: 9.2 ± 0.8 mm) and P. moldaviensis (13.8 ± 1.3 mm) from the sandy near-shore zone of the Włocławek Reservoir, a dam reservoir on the lower River Vistula, Central Poland, (52°37 0 04 00 N 19°24 0 28 00 E). Both species have been noted at a water depth of 0.5-1 m and S. sticticus has also been noted directly below the water line in this water body (Poznańska et al., 2010) . The reservoir is inhabited by a rich benthic community due to its high trophic state and good oxygen conditions associated with a short water retention time (4-5 days) (Poznańska et al., 2009) . The reservoir often experiences regular and irregular water-level fluctuations up to ca 1 m (Poznańska et al., 2010) , resulting from inter-seasonal differences in precipitation, dam operation (e.g. flood control) and sometimes maintenance of the dam infrastructure. Thus, populations inhabiting this water body often experience common water-level fluctuations and therefore are suitable for our study. Chironomids and oligochaetes were used in the experiments after 24 h of acclimation to laboratory conditions. Both species were macroscopically distinguished before the experiments and their taxonomic identity was confirmed after the test. Oligochaeta were classified on the basis of their morphological traits according to Kasprzak (1981) and Timm (1999) . Because the majority of the species of chironomid larvae do not differ in their external morphology (Jabłońska-Barna et al., 2012) , species identification was based mainly on the karyotype characteristics of the salivary gland chromosomes (Michailova, 1989) , as well as on the morphology of pupae and adults. Some larvae were fixed in alcohol:acetic acid (3:1) mixture for the cytogenetic analysis. Another group was reared to obtain pupae and adults, and also fixed after reaching a desired stage. Chromosome preparations were done using the routine aceto-orcein method (Michailova, 1989) . The standardisation of the banding pattern was carried out according to Michailova (1989) . Adults, pupae and larvae were mounted on slides for morphological analysis according to Wiederholm (1989) and Langton (1991) .
Experimental conditions
We collected sandy substratum (ca 10-cm-thick surface layer, mean (±SD) grain diameter: 0.3 ± 0.08 mm) from the shallow, floodplain part of the Włocławek Reservoir (the same location as that used for animal collection) at a depth of 0.2-0.3 m. We rinsed and dried the substratum at 60°C for 6 h to remove organic matter and living invertebrates, the presence of which could affect the behaviour of the test organisms.
Mean (±SD) air temperature and humidity, sustained by air-conditioning, were 21.7 ± 1.1°C (range 19.3-23.4°C) and 39.3 ± 8.7% (28-59%), respectively, as established daily using a thermo-hygrometer (EMR812HGN, Oregon Scientific, UK). Water quality, monitored at the beginning and at the end of the tests, using a multimeter Multi340i (except when the water level was too low to insert the probes), was suitable for survival of benthic organisms and did not differ considerably between species and experiments. Dissolved oxygen concentrations and saturations were 8.1 ± 0.9 mg l -1 (range 6.9-9.5 mg l -1 ) and 92 ± 6.9% (77-100%), respectively. Temperature was 21 ± 1.7°C (18.4-22.9°C), pH amounted to 8.4 ± 0.1 (8.1-8.5) and conductivity reached 548 ± 35.0 lS cm -1 (499-666 lS cm -1 ). We also determined the substratum water content at the end of each test, calculating it from the difference in the weight of a sediment sample (ca 5.5 g of sandy material) before and after drying it for 24 h at 100°C.
We placed the prepared substratum as well as conditioned tap water in experimental containers (i.e. trays, tanks or cylinders used in particular experiments; Fig. 1 ). Water in the containers was aerated for 24 h, then aerators were removed (to avoid their impact on animal behaviour), test animals were introduced and the experiment was started. The water in the drying containers gradually evaporated, exposing the substratum. Additionally, to hasten the process of drying, we removed a small amount of water (ca 100 ml) daily from the containers with a syringe. Such a gradual drying allowed the animals to adjust and respond to this environmental stress. In each experiment, a control treatment was conducted under the same conditions but with a stable water level during the test period. We checked animal behaviour and/or survival at the same time in both drying and control treatments. Each species was tested separately. The experimental containers were covered with a 1-mm mesh to allow for collecting and counting emerging adult chironomids. We did not include chironomid pupae in the analyses as they could respond differently to drying and their numbers were insufficient to analyse them as a separate category.
Experiment 1: invertebrate survival in drying sediments
We conducted this experiment in ceramic trays (N = 10 for each species and treatment), with 1.5-cm layer of sand and 1.5 cm of water above the substratum surface (Fig. 1a) . We introduced 20 individuals of each species to separate trays by putting them in random locations on the substratum surface. They quickly started to burrow into the sand. The duration of the experiment and frequency of sampling were determined in preliminary trials, which showed that chironomids were much more resistant to drying than oligochaetes. Therefore, we determined the mortality of chironomids in one randomly selected tray every 2 days starting from the second day of the substratum emersion. Mortality of oligochaetes was determined every day in one tray, starting when small pools of water were present on the emersed surface (i.e. before the substratum was fully emersed) as this was the last moment when all oligochaetes were still alive. On each sampling date, we removed all animals from a randomly selected tray, placed them in a dish filled with fresh water and determined the number of surviving, active individuals. Dead specimens quickly exhibited symptoms of decay and discoloration. Together with checking animal mortality, we measured the water content in the substratum. We conducted this experiment until we obtained the total mortality of animals in the drying trays, which took 7 days for oligochaetes and 12 days for chironomids.
We determined the lethal water content in the substratum associated with 50 and 90% mortality (LWC50 and LWC90, respectively, with their 95% confidence intervals) using a probit regression with Schneider-Orelli correction for the control mortality (Finney, 1971) . These calculations were carried out using MASS 7.2 package (Venables & Ripley, 2002) for R statistical computing environment (R Development Core Team, 2015) . We considered the LWC values for the two species as statistically different from each other when their 95% confidence intervals did not overlap.
Experiment 2: horizontal migrations in response to drying
We conducted this experiment in glass tanks (N = 5) with a 1.5-cm layer of sand on the bottom and the water level 3 cm above the substratum surface (Fig. 1b) . We divided the tank into three equal zones with glass barriers and introduced 20 individuals of a single species to one of the side zones of the tank. After 24 h, we lifted one of the tank sides so that the animal introduction zone was raised 4.5 cm above the horizontal plane to imitate the shore inclination (Fig. 1b) . We then removed the barriers so that animals could move freely throughout the tank. In the control tanks, the constant water level of 1.5 cm in the shallowest place was kept throughout the test. We conducted the experiment until the water level in the drying tanks dropped to the final level indicated in Fig. 1b , which took 7 days. At this point, the substratum consisted of three zones of the same sizes, starting from the raised side of the tank: (1) the dry zone, with humid emersed substratum; (2) the infiltration water zone, with the water level below the emersed substratum surface; and (3) the submerged zone (Fig. 1b) . At the end of the experiment, we counted the animals and assessed their mortality in each zone.
We compared substratum water contents between the zones in each treatment using one-way withinsubject ANOVAs (separate for each species). We compared the percentages (arc-sine square root transformed) of animals found in particular tank zones between the drying and control treatments (separately for each zone) using a two-way ANOVA with species and treatment as factors. In the case of significant effects, we applied sequential Bonferroni-corrected t tests as a post hoc procedure. We also used a t test to compare the arc-sine square root-transformed percentages of emerging chironomid adults between both treatments.
We checked the departures of the actual distributions of animals from the random pattern, assuming their equal dispersal among the zones (i.e. their preference for and/or avoidance of particular zones), using sequential Bonferroni-corrected one-sample t tests. These tests compared the mean percentage of animals found in a given tank zone with a theoretical value of 33.3%.
Experiment 3: vertical migrations in response to drying
We ran this experiment in glass cylinders (N = 5), filled with a 10-cm layer of sand and a 3-cm layer of water above the substratum surface (Fig. 1c) . We introduced 20 individuals of a single species by putting them on the substratum surface and allowing to burrow into sand. One day after the substratum surface in the drying cylinders had been emersed (4-5 days after the animal introduction), we determined the number of animals in four 2.5-cm vertical substratum layers.
We compared substratum water contents between the substratum layers in each treatment using one-way within-subject ANOVAs (separate for each treatment and species). We ran a two-way ANOVA with species and treatment as factors to compare arc-sine squareroot-transformed percentages of animals occupying particular substratum layers between the drying and control treatments (separately for each layer). As the oligochaetes never burrowed below 5 cm, we pooled chironomids occurring in 2.5-10 cm layers for this analysis. To analyse deeply burrowed chironomid individuals, we used sequential Bonferroni-corrected t tests to compare their percentages in separate 2.5-5, 5-7.5 and 7.5-10 cm layers between treatments.
Results
Experiment 1: invertebrate survival in drying sediments
At the beginning of the experiment and for the duration of control experiments, the mean water content (WC) was ca 19.3% (initial WC). All individuals of S. sticticus survived emersion when the substratum WC was 12.3% (63% of the initial WC). The substratum WC at which 90% of these organisms died (LWC90) was 0.3% (1.6% of the initial WC) (Fig. 2) , whereas the LWC50 for this species was 2.6% (13.5% of the initial WC). All individuals died at 0.1% of WC in the sandy substratum (0.5% if the initial value). LWC90 and LWC50 of P. moldaviensis were distinctly higher (13.9 and 15.9%, respectively, corresponding to 72.0 and 82.4% of the initial WC) (Fig. 2) . All oligochaetes died at the WC of 12.3% (63.7% of the initial WC).
The final substratum WC in the drying tanks (17-19%) differed significantly among the tank zones (Table 1) , although it was always higher than the value (15.9%) at which 50% mortality of oligochaetes took place in Experiment 1 (organism survival). In the control tanks, we observed no significant differences between zones. The mean WC in the control tanks was 19%.
The distribution of the tested organisms in the particular zones of the drying tanks depended on the species and emersion, as indicated by significant species 9 treatment interactions (Table 2 ). Neither S. sticticus nor P. moldaviensis migrated following the decreasing water level. In the drying tanks, 76 ± 8.7% (mean ± SE) of S. sticticus individuals (significantly more than the expected random value, Table 3 ) stayed in the dry zone, whereas the infiltration water zone and submerged zone were occupied by 9 ± 2.8% (significantly less than expected, Table 3 ) and 15 ± 6.6% (no significant departure from the expected random value, Table 3), respectively (Fig. 3a) . In the control tanks, the distribution of chironomids did not depart from the random pattern ( Fig. 3b; Table 3 ). The percentages of chironomids emerging as adults (Fig. 3a, b) did not differ between the treatments (Table 2) amounting to 15 ± 4.4%.
Oligochaetes spread out all over the tanks, similar to the drying and control treatments (Fig. 3c, d ), so their distributions were comparable, with no significant departures from the random pattern (Table 3) . The final substratum WC in the drying cylinders (15-17%) did not differ significantly among the substratum layers in the S. sticticus variant. However, in the P. moldaviensis variant, the WC in the surface substratum layer (16%) was slightly but significantly lower than that in the deeper layers (17%) ( Table 4) . Nevertheless, it was always higher than the value (15.9%) at which 50% mortality of oligochaetes took place in Experiment 1 (organism survival). In the control cylinders, we observed no significant differences between the layers and the mean WC was 19.7%.
The percentage of S. sticticus in the upper sediment layer was 88 ± 2.9 and 69 ± 2.0% in the drying and control cylinders, respectively (Fig. 4) . It was significantly lower than the occupancy of the upper sediment layer by P. moldaviensis in both treatments (98 ± 2.1 and 94 ± 2.9%, respectively), resulting in a significant species effect (Table 2) . Moreover, more individuals of both species occupied the deeper sediment layers in the control treatment (18%) than in the drying cylinders (7%), resulting in a significant treatment effect (Table 2) . For chironomids, a significant difference between treatments was observed for the 5-7.5 cm substratum layer (Table 2) : 2 and 10% of individuals occurred in this layer in the drying and control treatments, respectively. For oligochaetes, such difference was noted for the 2.5-5 cm substratum layer (Table 2) : 2 and 6% of individuals occurred in this layer in the drying and control treatments, respectively. A few chironomids (two and three individuals in the control and drying treatments, respectively) burrowed as deep as 10 cm.
Discussion
Invertebrate survival in drying sediments
We demonstrated that chironomid larvae of S. sticticus were relatively resistant to substratum drying and this is their main adaptation to such conditions. The substratum water content at which 90% of these organisms died was 0.3% (1.6% of the initial WC), which corresponds to completely dry sand. Resistance to drying varies widely within the Chironomidae. For example, larvae of P. tritium did not survive in very dry mud except some individuals, which survived 3 days at the substratum water content below 20% (Dettinger-Klemm, 2003) . The author did not report whether the larvae had entered the aestivation state. However, chironomids which can aestivate and are tolerant to the body water loss, e.g. Polypedilum vanderplanki Hinton, 1951, are much more resistant than the above-mentioned species (Watanabe et al., 2002; Frouz et al., 2003; Cranston, 2014) . Hence, S. sticticus appears as a relatively resistant chironomid species, well adapted to periodically emersed habitats and capable of surviving 5-6 days of the substratum emersion in laboratory conditions. Such resistance was observed to translate into surviving more than 3 weeks of emersion under field conditions, where drying is usually much slower (M. Poznańska, unpublished data). Sediment moisture is an important determinant of macroinvertebrate survival in drying water bodies, as some organisms seem to be able to live in the emersed substratum as long as it remains moist (Stubbington & Datry, 2013; Verdonschot et al., 2015) . The oligochaete P. moldaviensis was far less resistant than larvae of S. sticticus, reaching 90% mortality at 13.9% of water content in sandy substratum (72% of the initial WC), which translates into moist sand. Moreover, all oligochaetes died at the water content at which all chironomids were still alive. Most not extremely sensitive representatives of the near-shore benthic macroinvertebrates can tolerate such a substratum water content (13-14%) for comparable periods, including chironomid larvae (Suemoto et al., 2005 and this study), gammarids (Poznańska et al., 2013) and gastropods (Poznańska et al., 2015b) . Thus, compared to other benthic species, P. moldaviensis turned out to be very sensitive to drying, dying out just 2 days after substratum emersion in laboratory conditions. Probably, its very thin cuticle does not prevent desiccation and results in its low resistance to emersion, observed in our study. Emergence of adult chironomids
The numbers of emerging adult chironomids were similar in drying and control tanks. This contradicts earlier suggestions that accelerated emergence could be an efficient adaptation to substratum drying, exhibited by taxa living terrestrially as adults (postulated by Dettinger-Klemm, 2003; Tronstad et al., 2005; Verdonschot et al., 2015) . Tronstad et al. (2005) demonstrated that insects (including, e.g., Chironomidae, Ceratopogonidae, Dolichopodidae) were capable of emerging from the exposed substratum, but the rate of their emergence did not differ between emersed and inundated areas. Dettinger-Klemm (2003) observed that the emergence was negatively related to the rate of drying. Thus, the fast rate of the water-level decrease might account for the lack of differences in the numbers of emerging adults in our study. This seems particularly important for chironomids, which after pupation float in the water column to the surface and then leave the water as adults.
Horizontal migrations in response to drying
In contrast to our hypothesis, neither S. sticticus nor P. moldaviensis migrated horizontally following the decreasing water level resulting from substratum drying. On the contrary, behavioural reaction of S. sticticus to drying was diminished movement. In Experiment 2 (horizontal migrations), more individuals of this species stayed in the dry zone in the drying treatment, whereas the distribution of chironomids in the control submerged tanks was random. This indicates that the chironomids in our study were able to migrate in the experimental tanks, but the decreasing water level inhibited their movements. Similarly, the most desiccation-resistant larvae of P. vanderplanki did not migrate after decreasing water level (McLachlan, 1983) . On the contrary, non-desiccation-tolerant larvae of Chironomus dorsalis Meigen, 1818 and Chironomus imicola Kieffer, 1913 escaped emersion by following the decreasing water level on the mud surface (McLachlan, 1983; Dettinger-Klemm, 2003) . Therefore, there seems to be a kind of compromise between the capability of behavioural responses and physiological adaptation to survive emersion. A similar phenomenon was found in freshwater amphipods (Poznańska et al., 2013) , which were either resistant to drying, but stayed in the emersed substratum (Pontogammarus robustoides (GO Sars, 1894)) or migrated following the decreasing water level, but died quickly when the experimental design did not Hashtags indicate animal percentages in the particular layers of the drying cylinders, which differed significantly from those in the corresponding layers of the control cylinders allow them to escape from drying substratum (Dikerogammarus spp. Stebbing, 1899 and Gammarus fossarum Koch, 1835). However, this is not a general rule, as some snail species are both resistant to drying and exhibit horizontal and vertical migrations following a decreasing water level (Poznańska et al., 2015a, b) . Potamothrix moldaviensis did migrate horizontally in the substratum, but its distribution in the control and drying tanks was similar, showing no directional response to the decreasing water level. It is worth noting that, although P. moldaviensis did not respond specifically to substratum drying by following the decreasing water level, it did move horizontally at a distance of at least 24 cm. This movement, starting from the site of initial introduction, led to a random final distribution of the oligochaetes in both drying and control tanks. Horizontal relocations of oligochaetes have also been reported previously, for example earthworms are able to reach drier habitats by active horizontal migration from a flooded site (Mather & Christensen, 1988; Zorn et al., 2008) and on the aquatic L. hoffmeisteri, which moved horizontally to a better oxygenated part of an experimental tank (Fisher & Beeton, 1975) as well as the upstream movement of aquatic Oligochaeta (Williams, 1977; Dumnicka, 1996) .
Vertical migrations in response to drying
Contrary to our hypothesis, neither S. sticticus nor P. moldaviensis migrated vertically towards more humid sediment layers in response to substratum drying. The burrowing behaviour of S. sticticus was more intense in the control tanks. Therefore, similar to the situation observed in Experiment 2 (horizontal migrations), this species appeared to be more active in constantly submerged substratum. According to Stubbington (2012) , the reason is probably sediment composition with fine particles, which get compacted during drying and inhibit animal movement. Dole-Olivier et al. (1997) also stated that small interstitial spaces may physically limit migration within sand. Regardless of drying conditions, most larvae burrowed into the shallow layer (0-2.5 cm), which seems to be a typical burrowing depth for small-and medium-sized littoral chironomid larvae (Int Panis et al., 1996) , though Heinis et al. (1994) and Moller Pillot (2009) mostly noted fourth instar larvae of S. sticticus at a depth of 2-5 cm. In our experiments, the maximum burrowing depth at which five specimens of S. sticticus larvae were noted was 10 cm. Such a burrowing depth was also noted for overwintering larvae of this species (Moller Pillot, 2009 ). Generally, irrespective of substratum drying, large species and late instars are usually found deeper in the sediments than small species and early instars (Heinis et al., 1994; van de Bund & Groenendijk, 1994; Int Panis et al., 1996; Kornijów & Pawlikowski, 2015) . Deeper sediment layers provide their inhabitants with protection against predation and desiccation during emersion events, though at the cost of inferior food and oxygen conditions (Kornijów & Pawlikowski, 2015) . Nevertheless, according to our results, larvae of S. sticticus do not seem to be able to respond actively to drying by migrating deeper into the sediments.
The burrowing behaviour of P. moldaviensis was mostly limited to the depth of 2.5 cm, with few individuals found deeper in the 2.5-to 5-cm layer. The deeper burrowing occurred almost exclusively in the control tanks. Nevertheless, vertical migration into sediments is a typical escape behaviour of other oligochaete species (Boulton et al., 1992; Merle et al., 1997; Montalto & Marchese, 2005) . Therefore, the lack of such obvious behavioural response in P. moldaviensis is unusual. The vertical migration of enchytraeid oligochaetes was diminished in mineral soil in comparison to peat soils (Springett et al., 1970) , perhaps because the former substratum was more compact. Merle et al. (1997) demonstrated that tubificoid Naididae colonised the superficial layer (0-6 cm) of sandy sediments and exposed to fast drying, adopted a passive survival strategy. In contrast, active vertical migrations were observed during the drying period in fine gravel sediments, although the percentage of animals burrowing into the deeper layer (6-15 cm deep) was low. These observations were attributed to much higher compaction of sand in comparison to fine gravel in drying conditions, which may have prevented migrations (Merle et al., 1997) . Similarly, Vadher et al. (2015) observed a negative effect of fine sediments on the burrowing of a crustacean Gammarus pulex (Linnaeus, 1758) under drying conditions. The high compaction of particles in emersed sand may also account for the lack of deeper burrowing of P. moldaviensis in our experiment.
Conclusions
Contrary to our hypothesis postulating the existence of adaptive behavioural responses of near-shore invertebrates to emersion events, typical near-shore representatives of infaunal zoobenthos did not exhibit such reactions. Moreover, P. moldaviensis was shown to be very sensitive to drying and died out when substratum water content was still high. In contrast, S. sticticus was able to survive high water loss from sediments, partly confirming our hypothesis assuming the resistance of near-shore invertebrates to drying with regard to this species. Nevertheless, S. sticticus also appears to be less adapted to emersion compared to other, more mobile invertebrates, such as gastropods and gammarids, which exhibit complex strategies consisting of several physiological and behavioural mechanisms (Poznańska et al., 2013 (Poznańska et al., , 2015a . Therefore, predicted effects of climate change (e.g. frequency and intensity of future droughts) and human activities associated with the regulation of aquatic environment (e.g. river regulation, manipulation of water flow, removal of riparian vegetation) may cause changes in the composition and species distribution of infaunal benthic communities (Richardson et al., 2002; Boulton, 2003; Lind et al., 2006; Leigh et al., 2016) . Therefore, sensitive management to mitigate climate change impacts is needed to counteract negative community changes, including adjusting the rate of controllable fluctuations to the demands of aquatic organisms, increasing shoreline shading to reduce evaporation and providing refuges.
